The review is devoted to critical analysis of literature data, deal with effects and mechanisms of action of sulfated polysaccharides (PSs) -fucoidans from brown algae and products of their enzymatic transformation as potential adjuvants for enhancement of anti-infective and antitumor immune response. Numerous experimental data indicate that sulfated PSs demonstrate properties of vaccine adjuvants. Application perspectiveness of fucoidans as vaccine adjuvants is defined by their high biocompatibility, low-toxicity, safety and good tolerance by macroorganism, and also mechanisms of their immunomodulatory action. In particular, fucoidans are agonists of receptors of innate immunity and strong inducers of cellular and humoral immune response. At presenting the data of structural -functional interrelations, attention focused to the defining role of degree of sulfation, uronic acids and polyphenols contents, and also molecular mass in actions of fucoidans to innate and adaptive immunity cells. Insufficiency of literary data on studying of correlation of structure -physicochemical characteristics with adjuvanticities of the sulfated PSs, and also the problem of standardization of their active fractions are noted. Special attention is paid to the analysis of immunomodulatory and adjuvant activity of fucoidan oligosaccharides. Presented here results of experimental trial indicate that, despite the difficulties due to preparation of highly purified structurally characterized fractions and complex structure of fucoidans, these substances can be used as safe and effective adjuvants in vaccines against various pathogens including viruses, and also in antitumor vaccines.
Fucoidans -structural polysaccharides (PSs), forming part of cell walls of brown algae (group Phaeophyceae). Specific attention among brown algae give to the algae of order Laminariales and Fucales, because the most important commercially exploited species (Saccharina japonica, Laminaria saccharina, Fucus vesiculosus, Fucus evanescens) are contained in these orders. Fucoidans represent the family of fucose-containing homo-and heteropolysaccharides -from PSs with the high content of uronic acids and low fucose and sulfates content, for example from Hizikia fusiforme alga [1] to practically pure α-L-fucans with the main component of PS -fucose (PS from F. evanescens) [2, 3] . Except fucose, these PSs can contain minor amount of other monosaccharides (galactose, mannose, xylose, glucose), and also sulfates, uronic acids, acetyl groups, protein [1] [2] [3] [4] . As an example, the main chain of fucoidan from algae F. evanescens is built up of 1→3 and/or 1→4 -linked -L-fucopyranose residues, sulfated at С-2 and/or С-4 [2, 3, [5] [6] [7] (Figure 1 ).
Figure 1: Structure of fucoidan from Fucus evanescens
Individual sites of the sulfated chains of fucoidans can act as mimetics of natural ligands of receptors and as a result to interact with various proteins (growth inducers, cytokines, chemokines, proteases), thereby providing the regulation of functions of various systems of macroorganism [8, 9] . Various biological effects of fucoidans which, along with high biocompatibility and lack of toxicity, are of interest to a biomedical use are connected with structural features [9] [10] [11] [12] [13] .
Results of numerous data of world science demonstrate that the sulfated PSs exert various experimentally and clinically proved pharmacological effects (immunomodulatory, anti-inflammatory, anticoagulant, antitumor, hypolipidemic, hypoglycemic, antioxidant, etc.) and possess potentialities for designing of drugs for biomedical use on their basis. From this perspective, immunoadjuvant activity of sulfated PSs draws special attention of researchers as the most perspective for practical application in biomedicine.
Vaccines and vaccination -relevance of development of new adjuvants and vaccines containing adjuvants
Adjuvant is a substance or combination of substances which are brought in vaccine for the strengthening of an immune response on vaccine antigens, creation of long-term host defense, determination of an orientation of reaction of target organs and induction of longterm immunological memory. Presence of adjuvant promotes decrease of antigen load and quantity of vaccine doses necessary for successful immunization, and also for optimization of immunization of the population with low level of response [14] . Adjuvants are included to a number of modern vaccines with antigens of various origins (attenuated and inactivated viral and bacterial pathogens, polysaccharides, anatoxins, recombinant antigens, organisms containing foreign gene from pathogens, synthetic peptides, polynucleic acids and tumor cells). Adjuvants are especially important for synthetic and recombinant vaccines constructed on the basis of the purified proteins. Adjuvants can realize their effects, acting as an immunostimulator, delivery system of antigens, or the combination of these effects. The first exert impact on immune response by creation of depot effect, cytokine induction; complement activation, delivery of antigens to antigen-presenting cells, regulation of genes expression of human leukocytic antigen and stimulation of production of various subtypes of antibodies [15, 16] . As noted by Toussi and Massari (2014) [17] , adjuvants can influence the outcomes of vaccination, particularly by directing host immune responses towards different factors of cellular immunity and enhancing both the quality and the quantity of immune response against the antigens. Nevertheless, the main problems in development of human vaccine adjuvants include their safety and efficiency.
According to various researchers "ideal adjuvant" has to have stable structure, to be immunologically inert, to possess biodegradability and low toxicity; also it has to increase cellular immunity, promote elaboration of cytotoxic T-lymphocytes against the specific pathogen and prolong a humoral immune response to the minimum quantity of antigen [18, 19] . The primary benefits of adjuvants, giving a reason why adjuvants are needed as a component in vaccines, are presented in the review [14] Note: Here and in Table 2 data from reviews [14, 33] were used as the basis. 
Virus-like particles, size ~150 nm, consist of bilayer phospholipid membrane and membrane proteins of influenza virus (haemagglutinin and neuraminidase)
Vaccine against influenza (Inflexal®V), Hepatitis В, Human Papilloma Virus [53] [54] [55] [56] [57] Polyoxidonium (1996) N-oxidized derivative of polyethylene piperazine Influenza vaccine H1N1 (Grippol® , NPO Microgen», Russia; Grippol ® Plus, NPO Petrovax pharm, Russia) [58, 59] Immunoadjuvant activity of sulfated plysaccharides Natural Product Communications Vol. 13 (8) [20] , chronic neurotoxicity [21, 22] , autoimmune/ inflammatory syndrome [23] .
Aluminium compounds as adjuvants are characterized by imperfection of adjuvant activity mechanisms which is implemented by adsorption of antigen due to ionic interaction and creation of depot of antigens though proposed standing is opened recently in question since it is established that only antigen deposition does not provide essential strengthening of an immune response [24] . Aluminium hydroxide induces the intensive production of IL-4 which inhibits a development of Тh1, but promotes a differentiation of Тh2 [25] . Despite the activation of macrophages and dendritic cells (DCs) by aluminum hydroxide there is no stimulation of cell-mediated response due to the absence of production of IL-12 and other cytokines promoting activation of Th1 by DCs [26, 27] . Adjuvants on the basis of aluminium compounds induce rather short-term antibody formation that demands the repeated vaccination, and the result of the fact that they poorly induce cellular immune response which is implemented preferential on Th2 type, at vaccination, the risk of allergy and anaphylaxis increases [28] .
Development of autoimmune and/or inflammatory syndrome is associated with the use of squalene and mineral oil as adjuvant [23] . Presence of MF59 adjuvant in vaccines increases frequency of local reactions. So, adverse reactions to administration of vaccine against influenza with MF59 which appeared as a swelling in the place of injection and myalgia are noted [29] , and also development of atopic dermatitis [30] .
Adjuvants in vaccines which are at the stage of clinical trials now are presented in Table 2 , including the immunostimulatory complex ISCOMATRIX® (ISCOMs) on the basis of saponins with cholesterol and phospholipid in vaccines against hepatitis C, influenza viruses, papilloma virus [60] [61] [62] .
Freund's adjuvant is potent stimulatory factor of humoral immune response. The complete and incomplete Freund's adjuvant and its active components (vaccine BCG, cell wall peptidoglycan of BCG) are tested in therapeutic vaccines against cancer and acquired immune deficiency syndrome (AIDS) in clinical conditions [63, 64] . However, after the injection of Freund's adjuvant, formation of abscesses, damages of organs, fevers is possible [65] .
The fraction of saponins relating to QS-21 glycosides from plants, possessing relatively low toxicity and high ability to stimulate the cellular immune response in experiments was obtained [66] . Despite of the high adjuvant activity of saponins, there are essential restrictions for their use connected mainly with hemolytic efficiency and instability that result in undesirable side effects [67] .
Great interest of researchers is attracted to the substances of polysaccharide nature as vaccine adjuvants due to their high biocompatibility and low toxicity, safety and good tolerability by macroorganism. Amongst carbohydrate compounds, chitosans, α-glucans (dextrans), β-glucans (zymosan, lentinan), fructans, mannans, carbohydrates of mycobacteria (lipoarabinomannan, muramyldipeptide, D-murapalmitin, 6,6-trehalose dimycolate), lipopolysaccharides are extensively investigated as adjuvants [73, 74] . The numerous experimental data confirming adjuvanticity of the polysaccharide compounds are presented in literature, however these compounds until now did not find practical application, with exception of the polysaccharide composition on the basis of inulin obtained from plants, most often from roots of chicory or tubers of girasol and dandelion.
Natural polysaccharide composition Advax ™, derivate of deltainulin, D-fructose polymer [71] and also Algammulin -combination of gamma-inulin with aluminium hydroxide [75] are at the stage of clinical tests. The mechanism of inulin-derived adjuvants action consists in stimulation of humoral and T-cellular reactions (with increase of Th1 and Th2 of immune responses) without increase of the IgE level unlike of aluminium compounds. Advax™ action does not depend on antigen binding, it primes antigen presenting cells and increases their ability to present antigen to T -and B-cells through increase the level of an expression of the main complex of histocompatibility molecules (МНС 1 and 2 classes) and/or the costimulatory molecules CD11c, CD40, CD80, CD86 [76] . Advax ™ has low reactogenicity and is characterized by lack of serious side effects, i.e. severe local and system reactions. Advax™ is included on vaccines against influenza and hepatitis developed in Australia and New Zealand [71] . This adjuvant is successfully tested also in vaccines against viruses of human papilloma, herpes, Haemophilus influenzae, human immunodeficiency virus (HIV) [70, 71] . Adjuvants on the basis of inulin have the huge potential for use in vaccines against cancer [68, 69, 77] . [63, 64] 1086 Natural Product Communications Vol. 13 (8) 2018 Kuznetsova et al.
Chitosan, deacetylated derivative of chitin (polysaccharide found in the exoskeletons of crustaceans and in the cell walls of fungi), is applicable as adjuvant for research use (Chitosan VacciGrade™). Addition of chitosan as adjuvant to subunit pandemic vaccine containing virus strain A/California/7/09 (H1N1) led to increasing vaccine immunogenicity by 8-16 times and significantly enhances its protective potency in experiments [78] . At the work Chang et al. (2010) [79] also it was shown that vaccine against influenza H5N1 virus with chitosan as adjuvant induced the strengthening of humoral immune response and protected mice from lethal infection, at the same time the adjuvant effect of chitosan was comparable to that at aluminium hydroxide.
Sulfated polysaccharides from sea brown algae (fucoidans) as potential vaccine adjuvants, mechanisms of adjuvant action
Over the last years there was a number of the works devoted to ability of fucoidans to function as vaccines adjuvant strengthening production of specific antibodies both to model and to various bacterial and viral antigens in vivo [80] [81] [82] [83] [84] [85] . Jin et al. (2014) [80] showed in experiments that fucoidan from F. vesiculosus increased the level of specific antibodies to ovalbumin (OVA) and T-cellular response at experimental animals, and also stimulated maturation of dendritic cells (DC). At the mice receiving an anticancer vaccine together with fucoidan, considerable strengthening of functional activity of spleen lymphocytes in comparison with the animals receiving the same vaccine without fucoidan was observed. Animals of experimental group were protected from development of the tumor induced by B16-OVA melanoma cells -progression of tumor after revaccination by tumor cells was not observed indicating to formations of long-term immune memory. Authors noted more active proliferation of T-lymphocytes participating in destruction of tumor, enhancement of number of T-cells in spleen producing IFN-γ and TNF-α -signaling cytokines of Th1, and also increase in serum levels of these cytokines under the influence of fuсoidan. Based on these results, the authors conclude that fuсoidan can function as adjuvant for induction of immune Th1 response and activation of T lymphocytes that promotes development of new therapeutic strategy for control of infectious diseases and cancer [80] .
Sulfated polysaccharides from algae Grateloupia filicina, Ulva pertusa and Sargassum qingdaoense differing on chemical structure showed antiviral activity towards avian influenza virus H9N2 subtype, and immunomodulatory activity both in vitro and in vivo that allowed authors to qualify these PSs as potential adjuvants for immune-enhancement and anti-avian influenza virus [86] . Zhang et al. (2015) [81] demonstrated that injection to mice of fucoidans from brown algae Ascophyllum nodosum, Macrocystis pyrifera, Undaria pinnatifida and F. vesiculosus which also have structural disparities leads to strengthening the production of IgG1 and IgG2a OVA-specific immunoglobulins, and also T-cellular response and generation of T-memory cells. Fucoidan from M. рyrifera demonstrated the highest activity and activated DC, neutrophils, natural killers (NK) and T-cells in a greater degree. Adjuvant action of these fucoidans depending on structure is discussed in next section of the review.
Kim and Joo (2015) [83] revealed adjuvant activity of fucoidan from F. vesiculosus towards vaccine strain of Mycoplasma hyopneumoniae which is the causative agent of respiratory disease of pigs. Fucoidan promoted strengthening of production of specific antibodies to the studied antigen, and also an expression of the molecules MHC II, CD25 and CD69 on spleen cells and CD19 on B-lymphocytes. Besides, treatment of mice BALB/c spleen cells with fucoidan together with vaccine Bordetella bronchiseptica antigen led to increased TNF-α production at lower dose of antigen. This can be the mechanism providing the stimulating influence on functional activity of effector cells of innate and adaptive immunity and promotes strengthening of vaccination efficiency [83] . PS from Sargassum pallidum strengthened specific humoral and cellular immune response on vaccine antigens of the combined vaccine against Newcastle disease, infectious bronchitis and avian influenza in experiments on chickens [82] .
A number of works indicate an efficiency of oral administration of fucoidan in increasing resistance to infections. So, fucoidan isolated from Undaria pinnatifida, at per os administration, rendered a considerable protective effect on the mice infected with avian influenza A virus (H5N3 and H7N2 subtypes) and followed by inhibition of virus replication, increase in serum level of virus neutralizing antibodies and production of IgA in mucous membrane of respiratory tracts [84, 85] . The survival rate, phagocytic and bactericidal activities of macrophages, and also serum lysozyme were significantly increased when fucoidan from Laminaria japonica was added to feedstuff of African catfish infected with virulent strain of bacteria Aeromonas hydrophila [87] .
Results of randomized double blind placebo-controlled study with elderly volunteers who received per os fucoidan from U. pinnatifida in dose of 300 mg/day within 4 weeks are of considerable interest. The subsequent immunization of volunteers by trivalent vaccine against influenza led to detection of higher antibody titers against all virus strains which are contained in vaccine in comparison with titers at the persons treated with placebo. In the volunteers group treated with fucoidan, the exact tendency to increase in activity of NK is noted after 9 weeks, allergic and other undesirable immune reactions were not noted [88] . This work draw special attention on that fucoidan renders adjuvant effect at per os way of its use. It is known that per os way of medicinal drugs delivery to general circulation is difficult due to various barriers of digestive tract: morphological (slime layer, surface area, system of enterocytes villi); physiological (change of acidity in digestive tract segments, salts of bile acids, proteolytic and pancreatic enzymes, enzymes of intestinal microflora, specific absorption, motility, etc.) [89, 90] . At the same time, despite slow and incomplete absorption of drugs in digestive tract, their partial inactivation in liver, dependence of medication effect from age, body state, individual sensitivity and existence of associated diseases, noninvasive parenteral administration of medicines provides a possibility of introduction of various formulations (powders, tablets, capsules, emulsions, tea, mixtures, infusions, etc.), is considered the most convenient, comfortable and rather safe. Efficiency of oral administration of fucoidan is confirmed by data of its transformation in human body and animals [91, 92] . The possibility of fucoidan degradation by microflora of large intestine is allowed [93, 94] . In experiments in vivo and in vitro absorption of fucoidan by small intestine epithelium by means of transcellular and paracellular transport is shown by Nagamine et al. (2015) [95] .
The defining property of vaccines adjuvants is their ability to exert the stimulating (modulating) impact on innate and adaptive immunity system. Influence of fucoidans on immune system is studied rather widely and mechanisms of fucoidans action are determined.
Ability of PSs, including sulfated ones to stimulate development of immune reactions is mediated by specific membrane receptors, primarily, cells receptors of innate immunity intended for recognition of microbial pathogen-associated molecules. Among Immunoadjuvant activity of sulfated plysaccharides Natural Product Communications Vol. 13 (8) 2018 1087 these there are toll-like receptors (TLRs) and C-type lectins (for example, mannan-binding lectin and Dectin-1 receptor). As a result of such interaction, an activation of transcriptional nuclear factor NF-kB stimulating antigen-presenting cells due to increasing of expression of glycoprotein molecules of the МНС I and II classes, various costimulatory molecules (CD40, CD80, CD86) and production of pro-inflammatory cytokines is performed. It promotes maturing of multifunctional immunity cells, including monocytes, macrophages and DC which stimulate T-and B-lymphocytes [96, 97] . The orientation of activation way of DC is the important element having an impact on formation of immune response on Th1 or Th2 type [98, 99] . Activation of these cells plays a crucial role also in formation of effective immune memory to vaccine antigen [100] .
The leading role in ligands recognition of pathogens belongs to TLRs which participate in the induction and signal transduction providing an expression of cytokine genes [96, 101] . TLRs are one of the main targets for development of new adjuvants, and agonists of TLRs are most preferable as vaccine adjuvants. Use of adjuvants for which targets TLRs are, allows to achieve not only the directive induction of immune reactions necessary for formation of the most productive macroorganism protection against pathogens, but also to reduce possible side effects which can introduce adjuvants.
According to some authors [17] , advantage of TLR adjuvants is not only in their ability to preferentially induce Th1 or Th2 responses and development of CD4+ or CD8+ T-cells, but also to modulate B cell activation and both qualitative and quantitative enhance of specific antibody production to poor immunogenic antigens.
On the basis of these targets, an intensive search of TLR agonists as vaccines adjuvants is carried out. In particular, TLR3, TLR4 and TLR9 agonists have been reported to improve a number of vaccines, for example against hepatitis В, influenza, malaria and anthrax, as well as some types of anticancer vaccines [17, [101] [102] [103] . A number of the applied practically adjuvants are TLR agonists. So, targets for adjuvants MPL (RC-529) and AS04 are ТLR4 [41, 42] , for CpG-ODN -ТLR4 and ТLR9 [46] , for CpG DNA -ТLR9 [46] .
The sulfated PSs also show TLR-agonists properties. So, at the research of specific interaction of the sulfated PSs with human TLR it was established that fucoidans from brown algae Saccharina japonica, Saccharina cichorioides and F. evanescens specifically bind with TLR-2 and TLR-4 and cause activation of nuclear factor NF-kB, providing a transcription and induction of pro-inflammatory cytokine genes and interferon-inducible genes promoting activation of immunocompetent cells and development of an adaptive immune response on unrelated antigens on Th1 type [104] . Authors provide the proofs using of negative and positive control for the relevant TLRs excluding the nonspecific activation of NF-kB caused by a possibility of presence of endotoxins in fucoidans.
The studying of the immunostimulatory (immunomodulatory) properties of sulfated PSs on various experimental models showed that the main target for fucoidans are effector cells of innate immunity: DC, monocytes/macrophages, neutrophilic leukocytes and NК [7, 81, [105] [106] [107] [108] .
The most important quality of "ideal adjuvant" is ability to exert the stimulating impact on antigen presenting cells to which primarily belongs DC and macrophages [16, 109] . Establishment of the central role of DC as professional antigen presenting cells in recognition, processing and antigens presentation to naive Tlymphocytes opened new opportunities and perspectives during developing of adjuvants. The orientation of activation way of DC is the important element programming intercellular interaction and development of immune response at Th-1 or Th-2 type [98, 99] . Activation of these cells also plays a crucial role in formation of effective immune memory to vaccine antigen [100, 110] . Mature DCs are necessary for optimization of antigen presentation processes and induction of proper immune response, and fucoidans are capable to play role of inductors of their maturing [81, 111, 112] . The immunophenotypic, morphological and functional characteristics of DC testify that fucoidans are active inductors of DC maturation are provided in these works. It is shown that effect of fucoidans from F. evanescens, S. cichorioides and S. japonica, are equitable with that for tumor necrosis factor (TNF-α) -classical inductor of maturing process of DC [112] .
Fucoidans exert a stimulatory effect on functional activity of monocyte/ macrophage cells and neutrophils playing an important role in innate immunity reactions. The main receptors of macrophages by means of which recognition of PSs is carried out, are glycoproteins, including TLR-4, CD14, competent receptor-3 (CR-3) and scavenging receptor A-class (SRА) [106] .
The important role in endocytosis and phagocytosis processes the lectin receptors C-type also play, which recognize correspondent carbohydrate structures, including mannose and galactose [107] . Besides, mannose-specific receptors on macrophages surface are capable to recognize fucose, N-acetylglucosamine residues and sulfated sugars [107] . These authors consider that the major role in recognition by macrophages of the sulfated PSs played scavenger receptors, particularly SRА [107] . Activation of these receptors is mediated by intracellular signaling pathways. Important role in macrophage activation with fucoidans belongs to proteins of the mitogen-activated protein kinases family (MAPKs), such as р38 МАРК, extracellular regulatory kinases (EKR1/2) and stressactivated protein kinases (kinase/c-Jun-N-terminal kinase). Activated MAPKs induce transcription factors and induction of cytokine genes such as IL-12, IL-2, IFN-γ. Produced by macrophages IL-12 stimulates the development of T cells that in turn activates NK cells proliferation [106, 107, 113] . A significant increase in the functional activity of NK as important element of innate immunity under the influence of fucoidans, including tumoricidal effect was established. Stimulation of functional activity of NK along with strengthening of production of immune response mediators (IL-2, IFN-γ and IL-12) by macrophages and induction of apoptosis can be one of the mechanisms of antitumor activity of fucoidans [7, 81, 113] . Due to the ability of fucoidans to stimulate cytotoxic effects of NK, a potential effect of fucoidans as adjuvants in anticancer immune response and cancer immunotherapy is at the stage of an intensive study. In experiments on mice with induced tumoral process, fucoidans acted as an immunostimulator by means of strengthening of the antitumor response to leukemia cells A20 and led to decrease in the tumor size at transgenic (DO-11-10-Tg) mice [108] .
Structural-functional relationships, problem of standardization of the sulfated polysaccharides
Biological effects of fucoidans are defined by structural features of PSs. Fucoidans differ on monosaccharide composition, type of links between sugar residues, their sequence, branching of polysaccharide chain, content and distribution of sulfates and acetates, molecular mass (Mm). Besides, fucoidans may contain uronic acids and impurity of polyphenols. Contents and structure of fucoidans differ largely depending on species, maturity stage, place of growth of algae, and also on methods of isolation and fractionation [3, 6, 114] . Algae often contain complex mixtures of sulfated PSs with various chemical structure, and sometimes it is difficult or impossible to separate different PSs. By means of the chemical and physicochemical methods it is possible to determine the structure only of individual fragments of fucoidan molecules. This is due to the structure of fucoidan molecules, such as high degree of sulfation and branching, but the main difficulties -irregular distribution of individual structural elements along polymer chain.
Due to the lack of information on structure of biologically active fractions of fucoidans, data on relationship between structure and function for these PSs are practically absent. As noted above, a range of activity of fucoidans important for biomedical use (including as adjuvants), is wide, however, medicinal drugs on the basis of sulfated PSs are not developed so far. Some authors note that the heterogeneity of high-molecular weight PSs does not allow estimating correctly processes of ligand-receptor interaction [73, 115] . The common problem concerning practical use of fucoidans is their standardization, i.e. obtaining the highly purified structurally characterized samples of natural fucoidans with narrow molecularmass distribution or oligomer fractions of fucoidans (products of enzymatic transformation or synthetic analogs). Further studies of fucoidans structure using chemical and enzymatic modifications and use of modern methods analysis will allow establishing elements of their structure authentically. In turn, use of fucoidans and their oligomer fractions with established structure will help to decide questions of interrelation of chemical structure and biological activity of PSs.
Studying of interrelation of structure and function of fucoidans means the research of biological activity of fucoidan derivatives obtained by their chemical and enzymatic modification (for example, by desulfation or oversulfation, acetylation/deacetylation, release of polyphenols and other impurities, and also obtaining fractions with various Mm (high-and low-molecular).
Deacetylation and desulfation are considered as standard procedures when studying of fucoidan structure. Partial acid hydrolysis of fucoidans leads to formation of the sulfated fucose derivatives and oligosaccharides. Unfortunately, yields of sulfated derivatives are small since eliminating of sulfates and acid hydrolysis of glycosidic linkages take place simultaneously and with relatively equal rate. In addition to partial acid hydrolysis the method of autohydrolysis of fucoidans based on acid properties of PSs have been used.
Enzymatic hydrolysis of fucoidans is the promising approach leading to formation of native oligosaccharides. Some marine invertebrates and marine bacteria are sources of fucoidanases. Unfortunately, use of fucoidanases is associated with great difficulties connected with low activity of these enzymes and their specificity (since fucoidans are significantly vary on structural characteristics, in each individual case enzyme with individual specificity is necessary).
Along with development of methods of partial depolymerization of fucoidans, works on counter synthesis of assumed oligosaccharide fragments of the fucoidan molecules are carried out.
The listed features of fucoidan structures cause the problem of establishment of chemical structure of polysaccharides extremely difficult. Therefore typically that it is still impossible to estimate limits of structural variety of fucoidans isolated from brown seaweed and, therefore, reliable correlate expression of certain biological activity with concrete elements of structure.
As already mentioned above, "ideal adjuvant" has to possess immunomodulatory activity. There is a number of communications showing immunomodulatory and adjuvant activity of fucoidans depending on their structural features [6, 105, 116] .
An analysis of a number of works gives attention to biological activity of fucoidans depending on the sulfates content. Most of authors conclude that fucoidans with high degree of sulfation are more active. Generally, this statement concerns anticoagulant activity, and obtained results demonstrate that the fractions enriched with sulfates but the poor on uronic acids content, shows rather high anticoagulant activity, whereas at the inverse ratio of these structural components, lower activity is noted 117, 118, 119].
Results of in vivo research of the immunostimulatory and adjuvant activity of fucoidans from 4 species of brown alga A. nodosum, M. pyrifera, U. pinnatifida and F. vesiculosus are of considerable interest [105] . Authors showed that fucoidan from M. pyrifera activated DC-and NK-cells to a large extent, and also T-cells and showed stronger adjuvant effect which is expressed in strengthening of production of specific antibodies to OVA while sulfates content in its structure significantly did not differ in comparison with other fucoidans. On the other hand, the uronic acid content in fucoidan from M. рyrifera was higher in comparison with other fucoidans. Earlier it was shown that ascophyllan, isolated from A. nodosum, has higher uronic acid content in comparison with fucoidan from the same alga and to a large extent promotes maturing of DC and activation of T-cells [120] . This observation allowed authors to make the conclusion about uronic acid role as one of crucial factors in immunomodulatory and adjuvant activity of fucoidans, in particular, ability to stimulate processes of maturing and activation of DC and T-cells.
In the in vitro research [121] it was shown that fucoidan samples from brown alga Chordaria flagelliformis and Saccharina latissima with sulfates content differed in 1.5 times, and the level of uronic acids more than in 7 times, stimulated phagocytic and bactericidal activity of blood leukocytes to the same degree, and also showed anticancer activity to cells lines B16 (melanoma) and K562 (erythromyeloblastic leukemia, the Di Guglielmo disease). These PSs differed also on monosaccharide composition.
The importance of degree of sulfation in biological activity of the sulfated PSs is demonstrated by results of work [122] , which showed that decrease of degree of sulfation by 2.1% leads to decrease of PS activity. So, under the influence of desulfated ascophyllan from brown alga A. nodosum in macrophages culture RAW264.7 production of TNF-α and G-CSF cytokines, and also nitrogen oxide (NO) in comparison with native sample considerably decreased. Besides, ability of desulfated ascophyllan to induction of active forms of oxygen decreased to the minimum level. It should be noted that the Mm and monosaccharide composition of desulfated sample did not differ from initial.
The influence of sulfates in fucoidan from F. evanescens on innate and adaptive immunity cells was also shown in vitro study [123] . In particular, it was shown that removal of sulfates and acetates leads to decrease in effect of fucoidan on functional activity of DC and macrophages and production of pro-inflammatory cytokines by them.
On the contrary, in the work Song et al. (2016) [86] it was shown that among three sulfated PSs isolated from alga Grateloupia filicina, Ulva pertusa and Sargassum qingdaoense, the last having smallest content of sulfates (5.64% of mass) in comparison with the Immunoadjuvant activity of sulfated plysaccharides Natural Product Communications Vol. 13 (8) 2018 1089 others (13.5% and 19.9%, respectively), showed the greatest immunoadjuvant effect. In its sugar composition fucose was dominant monosaccharide at its minimum contents in other PSs, and xylose and rhamnose were absent. Teruya et al. (2009) [106] studied an impact of structural modifications of acetylated fucoidan (CAF) obtained from Cladosiphon okamuranus algae on processes of activation of mouse macrophages cell culture RAW 264.7. According to results of the structural analysis, the main chain of CAF is built up of α-1→3-linked L-fucose residues substituted with sulfate and acetyl groups at position C-4 of the main chain. Authors showed that unique structural features of fucoidan play an essential role in processes of macrophages activation. In particular, the sulfate and acetyl groups of CAF are involved in production of NO, TNF-α and IL-6 cytokines. In the study of Jin (2016) [107] the relationship between structure of marine algae PSs and anti-complement activity of 33 different PSs was analyzed. The authors evaluated extraction methods, molecular weight and molar ratio of galactose to fucose, sulfate, uronic acid, branching and the type of monosaccharide bond. The authors found that the anticomplementary activity of the PSs was enhanced with increasing molecular weight, the necessary of sulfate presence was shown too. The molar ratio of galactose to fucose was a positive factor at a concentration lower than 10 µg/mL, while it had no effect at a concentration more than 10 µg/mL. However, the sulfate content, the type of bond, and the degree of branching did not affect the PSs activity at a concentration of more than 10 μg / mL.
In vitro studies have reported that anticancer and antioxidant activity is associated with polyphenols and flavonoids content in structure of fucoidan from Mozuku (Cladosiphon novae-caledoniae kylin) [124] . The results of work [125] testify on the key role of polyphenols in occurrence of antioxidant activity of fucoidans. Authors obtained fucose-containing PSs from brown alga F. evanescens by various extraction methods (hot acid extraction and extraction with aqueous calcium chloride, CaCl 2 ). Extraction of fucoidan with CaCl 2 solution allowed obtaining the purified preparation that is important for its standardization. Correlation between the content of polyphenols in samples of PSs and their antioxidant action was found. It was shown that antioxidant action is caused by the polyphenol compounds which are contained in samples. At the same time Ajisaka et al. (2016) [126] at study of antioxidant activity of fucoidans from different types of brown alga (C. okamuranus, Sargassum hornery, Kjellmaniella crassifolia, Saccharine sculpera, Nemacystus decipiens, F. vesiculosus) did not find out the connection with degree of their sulfation though authors noted that presence of sulfate group is important for implementation of antioxidant action. These authors conclude that antioxidant activity of fucoidan, also, as well as other its properties, is connected with a combination of structural features (quantity and distribution of sulfate groups, type of linkages in the side chains, sugar composition and molecular mass).
Considerable attention at the study of biological activity of fucoidans is paid to its molecular mass (Mm) which is significantly differs (from 10 to 2000 kDa), at that Mm of the most active fucoidans is in range of 30 -100 kDa [7, 127] .
Fucoidan can be classified into three groups based on Mm: high molecular weight (HMW) is >10,000 kDa, medium molecular weight (MMW) ranges between 10 to 10,000 kDa, and low molecular weight (LMW) is usually <10 kDa [128] . Results of study activity of HMW and LMW fucoidan samples are also ambiguous. For example, Takai et al. (2014) [129] showed that HMW fucoidan from Undaria pinnatifida in a greater degree than LMW strengthened production of immunoglobulins IgA, IgG, and especially IgM in cells culture of mouse spleen lymphocytes.
The authors [121] studied the immunotropic activity of fucoidans and their derivatives differing on Mm and structure from different algae (poly-and oligosaccharides, including HMW PSs from Chordaria flagelliformis, Saccharina latissima, LMW PS from P. plantaginea and completely sulfated LMW L-fucose octasaccharide) and established that the greatest activity in vitro was shown by HMW fucoidan from algae C. flagelliformis. Its main chain is built up of (1→3)-linked α-L-fucopyranose residues and side chains include α-D-glucuronic acid and α-L-fucopyranose residues. The effect was expressed in stimulation of phagocytic and bactericidal activity of neutrophils on strains of probiotic microorganisms Saccharomyces cerevisiae and Lactobacillus acidophilus, and also in increase concentration of membrane-bound molecules of integrin CD11c on neutrophils. The HMW fucoidan from S. latissima containing α-L-fucopyranose residues as the side chain showed moderate activity, and the LMW linear polysaccharide obtained by dexylosylation of native fucoidan from algae P. plantaginea did not show activity in these tests.
Authors [130] when studying of immunomodulatory activity of HMW (130 kDa) and LMW (30 kDa) of fucoidan samples isolated from U. pinnatifida showed that the first substance increased the survival rate of splenocytes and production of IFN-γ and NO while LMW sample showed weak activity and high toxicity in relation to splenocytes. Study in vivo of immunomodulatory effects of HMW (200-300 kDa) and LMW (0,5-1 kDa) of fucoidan fractions from C. okamuranus at per os administration to mice reveal the significant increase of CD8 lymphocytes content in spleen, and also cells (NK, monocytes and macrophages) expressing CD11b under the influence of HMW fucoidan [131] . Park et al. (2010) [132] when studying of fucoidan from U. pinnatifida (HMW and LMW) on the model of collagen-induced arthritis, have the contrasting results: fraction with Mm ~100 kDa activated strengthening of inflammatory process, promoting activation of macrophages while the LMW fraction (~1 kDa) inhibited this processes by suppression of Th1-mediated immune responses.
In experiments in vitro in RAW264.7 macrophages cells it was found that LMW fucoidans from U. pinnatifida (5-30 kDa) had a strong anti-inflammatory effect on the model lipopolysaccharideinduced inflammation which was expressed in inhibition of production of pro-inflammatory cytokines (IL-1β, IL-1 and TNF-α) [133] . The studied fucoidan samples were also capable to block production of NO and the reactive oxygen species (ROS). However, in the works [134, 135] it was shown, that fucoidan from F. vesiculosus induced strengthening of production of NO in RAW264.7 cells. These results serve as additional confirmation that distinctions in the source, structure and Mm of fucoidans impacts on displaying of final effect.
A number of works indicates the high biological activity of LMW fucoidan fractions and its oligosaccharides.
Oligosaccharides are the carbohydrates (homoor heterooligosaccharides) containing from 2 to 10 monosaccharide residues. Potential of their use as pharmaceuticals considerably increase due to their low viscosity, biodegradability, lack of toxicity and allergenicity, with high efficiency of action at neutral pH, and also with a possibility of exact establishment of their structure [136] .
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As noted Casu (1985) [137] , synthetic oligosaccharides are valuable model compounds for identification of interrelation of structure and properties. Other authors [138] elaborated that spectral (nuclear magnetic resonance, NMR) data of fucooligosaccharides are necessary for conformational analysis of carbohydrate chains of fucoidans, and biochemical studies will allow to define the structural grounds responsible for biological activity.
In this regard, active work on obtaining of LMW sulfated PSs or effective schemes of synthesis of oligosaccharides, related to natural fucoidans, and studying of their biological (pharmacological) activity is conducted.
LMW fucoidans and its oligosaccharides can be obtained by various methods: chemical (hydrolysis), physical or enzymatic [9] . Disadvantage of chemical hydrolysis is its low specificity and probability of destruction of polysaccharide chain or eliminating of sulfates [139] . From this point of view, the most acceptable is the enzymatic way using hydrolases (fucoidanases or α-L-fucosidases), capable to specifically cleave the glycosidic linkages in polysaccharide chain, keeping the degree of sulfation and the main physicochemical properties of fucoidan [140, 141] .
The most promising approach which leads to obtaining the sulfated fucooligosaccharides is the enzymatic hydrolysis of fucoidans. In this case, marine invertebrates and marine bacteria are the sources of enzymes-fucoidanases [142] . So, as affected of alkaline fucoidanаse from Littorina kurila yield of LMW sulfated products from F. evanescens which was three times higher compare with action of acid fucoidanase was observed [143, 144] . By means of enzymatic hydrolysis of fucoidan from brown alga F. evanescens using of fucoidanase from marine bacteria Formosa algae the product with Mm ~9 kDa was obtained [141, 145] . From the results of nuclear magnetic resonance (NMR)-analysis, this fraction represents regular PS, with the following structure of repeating unit:
Polysaccharide is sulfated mainly at C2 and in a less degree at C4. The acetyl groups occupy the free position at C4.
At comparative study of immunomodulatory activity of fucoidans from F. evanescens (natural fucoidan in complex with polyphenols, highly purified fucoidan and LMW product of enzymatic hydrolysis with standard structural characteristics), it was established that these PSs had comparable influence on effector functions of innate immunity cells (neutrophils, monocytes, NК) [146] .
On the basis of natural polysaccharides -fucosylated chondroitin sulfates from sea cucumbers related oligosaccharides which are considered by authors as model compounds for study of relationship of structure and function were synthesized [147] . Also оn the basis of natural polysaccharides from alga Chordaria flagelliformis [148] synthesis fully or selectively sulfated oligosaccharides (fucooligosaccharides) consisting of two and more fragments related to fucoidan differing with type of glycosidic linkages and length of chain was carried out. At the study of influence of fully sulfated octasaccharide synthesized by authors mentioned above on phagocytic and bactericidal functions of neutrophils, this oligosaccharide was inactive [121] .
Authors [149, 150] isolated fucoidan with Mm ~7 kDa from alga L. japonica and showed its anti-inflammatory and antioxidant activities in vivo. Other authors [151] also showed an ability of LMW fucoidan fractions from alga Sargassum fulvellum to prevent linking of P-selectin with Sialyl Lewis X antigen proportionally to decrease Mm.
It should be noted that the research of immunomodulatory activity of the sulfated oligosaccharides for assessment of perspectives of their use as vaccine adjuvants is at an initial stage. In available literature we found the data mainly concerning anticancer and antimetastatic activity of the sulfated oligosaccharides [152] [153] [154] [155] [156] . For example the authors report, that low-molecular-weight fucoidan, called by authors "oligo-fucoidan", has a variety of beneficial health effects [157] . However, they do not provide conclusive examples, except for its antitumor effect, which is the subject of their article. And the other authors describe the immunostimulating activity of low molecular weight oligosaccharide carrageenan from Solieria chordalis, but not LMW fucoidans from brown algae in the article, devoted to the chemical structures and bioactivities of sulfated polysaccharides from marine algae [158] . Thus, development of the new effective and safe adjuvants capable to increase humoral and cellular immunity is among the directions of current interest of modern experimental immunology. The sulfated PSs from brown algae can become a potential source of original materials for vaccines of new generation with the increased immunizing properties. Despite the difficulties due to the complex structure and obtaining of standard homogeneous fractions, fucoidans represent a molecular basis for creation of immune adjuvants because of high biocompatibility, low toxicity, and good tolerance by human.
The perspective of use of the sulfated PSs as adjuvants for wide range of prophylactic and therapeutic vaccines is defined also by mechanisms of their action: fucoidans are agonists of innate immunity receptors and therefore the powerful inductors of cellular and humoral immune response. The polyanionic structure of fucoidans allows them to link with large amount of proteins (growth factors, cytokines, chemokines and proteases), providing regulation of functions of various systems of macroorganism and to display different types of biological activity, including immunoadjuvant. These PSs are in the limelight of researchers as universal biomaterials practically in all fields of biomedicine and pharmaceutical industry now.
However, questions of relation of structure and physicochemical characteristics of the sulfated PSs with their adjuvanticities remain insufficiently studied. Also studies on standardization of the PSs active fractions are necessary.
The data obtained by us at the analysis of works concerning studying of immunological (immunoadjuvant) activity of fucoidans with various structural characteristics and molecular masses are contradictory and not numerous. According to available literature, a consensus concerning communication of structure of fucoidan and immunoadjuvant action is absent and it is not possible to obtain Immunoadjuvant activity of sulfated plysaccharides Natural Product Communications Vol. 13 (8) 2018 1091 more active fucoidan since activity of fucoidans differing on structure was estimated in different tests and systems. The authors of the review, devoted to the structural analysis of fucoidans, also believe that it is impossible to formulate clear correlations between the structure and biological activity of fucoidans [159] . At the same time, positive results of research of biological activity of LMW fucoidans and fucooligosaccharides open wide perspectives of their practical use in medicine, including as vaccine adjuvants.
The opinion of authors [6] , which consider that certain structural grounds are responsible for display of different types of biological activity, may be considered as true hypotheses, and we support this opinion. Pomin (2009) [160] also note that various structural characteristics should not be estimated independently from each other and/or only concerning certain biological functions. Authors consider that active or inactive conformations of these PSs include all structural features which contain so-called "final code" necessary for transfer of cellular signals, recognition and interaction with other molecules. Nevertheless, specific structural features of carbohydrates are really responsible for regulation of certain biological processes.
The analyzed works place emphasis on the defining role of degree of sulfation, uronic acid and polyphenols content, and also molecular mass in effects of fucoidans to innate and adaptive immunity cells. The evidence of high biological activity of LMW fucoidan fractions and their oligosaccharides is provided, however it is noted that their use as vaccine adjuvants is at an initial stage of study.
In general, the data provided in the present review demonstrate that the sulfated PSs (fucoidans) can find application as safe and effective adjuvants for both anti-infectious and anticancer vaccines.
List of abbreviations DС
dendritic cell CD cluster of differentiation CpG synthetic DNA molecules that contain a cytosine triphosphate deoxynucleotide ("C") followed by a guanine triphosphate deoxynucleotide ("G"). 
